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Introduction
Programmed cell death can be initiated via external signals or internal stress with divergent death pathways activated depending upon the initiating stimulus. External signals are mediated via binding of ligands such as FAS, TNF, or TNFSF10/TRAIL to specific death receptors present on the cell surface triggering receptor oligomerization and assembly of intracellular multiprotein complexes such as the death inducing signaling complex (DISC). Formation of these high molecular weight complexes allows recruitment and clustering of initiator caspases, such as pro-CASP8 and pro-CASP10/ caspase-10, enabling their auto-activation. 1 Once activated, initiator caspases directly target downstream effector caspases, transmitting and propagating the apoptotic signal and ultimately leading to cell death. 2 Internal stresses, such as DNA damage, ER stress or cytotoxic stress, trigger signals which converge upon the mitochondria via regulation of BCL2 family proteins, tipping the balance in favor of proapoptotic members. [3] [4] [5] This facilitates BAX-BAK1 oligomerization, insertion into the mitochondria outer membrane, permeabilization, and depolarization of the mitochondria.
Mitochondrial outer membrane permeabilization (MOMP) triggers the release of intramembrane space proteins including CYCS, which permits assembly of a large multiprotein complex referred to as the apoptosome. Once formed the apoptosome recruits pro-CASP9 resulting in its clustering and autoactivation. 7, 8 Active CASP9 dissociates from the apoptosome allowing it to target downstream effector caspases such as CASP3/caspase-3 leading to cell death. 9 The importance of mitochondria-mediated death signals for stress-induced death have been demonstrated by numerous studies using cells either overexpressing antiapoptotic BCL2 family members such as BCL2L1/BCL -x L or cells lacking integral proapoptotic proteins such as CASP9-deficient (casp9 ¡/¡ ) mouse embryonic fibroblasts (MEFs) or BAX and BAK1 double knockout (bax ¡/¡ bak1 ¡/¡ ) MEFs. 10, 11 A clear inhibition in stressinduced death is evident within these cells, which underscores the reliance on, and importance of, mitochondria-mediated death processes. 12 While studies investigating stress-induced cell death in these cells clearly demonstrate a defect in cell death induction, their fate upon long-term exposure to sustained stress has not been explored thoroughly. Even though these cells are defective in the primary route to cell death they will eventually succumb to death through the activation of alternate death pathways, albeit with much slower kinetics. How cells with a nonfunctional mitochondria-mediated death pathway instigate death upon sustained stress is still a matter of debate with several studies implicating autophagy and autophagy-mediated cell death. 13 Macroautophagy, hereafter referred to as autophagy, is a necessary cellular process constantly functioning at a basal level within cells. Autophagy is characterized by the induction of a phagophore, which elongates into a vacuole with a double membrane, capable of engulfing large amounts of cytosolic components such as unfolded protein aggregates, damaged organelles, and invading pathogens such as bacteria. Autophagy is ongoing at basal levels in eukaryotic cells allowing the cell to function optimally by removing unwanted substrates which may otherwise lead to cellular toxicity. Fusion of the autophagosome with a lysosome forms an autolysosome and allows degradation and recycling of its contents. 14, 15 Exposure to physiological cellular stresses such as glucose deprivation, or stress-inducing chemicals such as tunicamycin (Tm), have been reported to induce autophagy. 16 The observed induction in autophagy functions as an adaptive prosurvival response aiding cell survival. Recently, however, another side to autophagy signaling has emerged linking it to death. While few bona fide examples of autophagic cell death have been demonstrated, it is now thought that components of the autophagic pathway can contribute to cell death. For example, overexpression of the autophagy gene ATG5 (Atg5 in murine models) induces death in both HeLa and MCF-7 cells. 17 Numerous studies using cells impaired in mitochondria-mediated death signals have reported a form of cell death that can be blocked by autophagy inhibitors such as 3-methyladenine or knockdown of key autophagic genes such as Becn1/Beclin-1 or Atg5.
11, 18 The mechanism by which autophagy can contribute to death in cells with compromised mitochondria-mediated death signals is unclear, with several studies linking it to caspase activation and apoptosis while others report a caspase-independent mode of cell death. 18, 19 In this study we explore the mode of death activated upon sustained exposure to endoplasmic reticulum stress in cells with a compromised mitochondria-mediated death pathway. Upon sustained exposure to ER stress we observed caspase activation leading to cell death in casp9 ¡/¡ MEFs. Dissection of this pathway revealed that pro-CASP8 functioned as the apical caspase in this system and knockdown of pro-CASP8 was demonstrated to significantly inhibit both effector caspase activation and cell death. Activation of CASP8 in our system did not depend on death receptor signaling, suggesting an alternative activation platform. Concurrent with caspase activation, we also observed characteristic features of autophagy in these cells upon induction of stress. Furthermore, autophagy signaling and caspase activation appeared to be interlinked as knockdown of Atg5 or Atg7 decreased effector caspase activation and stress-induced death. Our results suggest that the autophagosome may function as a scaffold for the formation of a novel multiprotein complex comprising of ATG5 and FADD which, in turn, facilitates the recruitment and subsequent activation of pro-CASP8.
Results
Cells devoid of a functional mitochondrial death pathway remain susceptible to cell death in response to sustained ER stress Following treatment with ER stress-inducing agents, tunicamycin and thapsigargin (Tg), both Casp9 C/C and casp9 ¡/¡ MEFs triggered the unfolded protein response as determined by phosphorylation of EIF2AK3/PERK and upregulation of the ER chaperone protein HSPA5/Grp78 and the proapoptotic transcription factor DDIT3/CHOP (Fig. 1A-B) . While Casp9 C/C MEF cells rapidly demonstrated morphological changes typical of apoptosis (cell shrinkage and detachment) upon Tg and Tm treatment (Fig. 1C) , casp9 ¡/¡ cells appeared largely refractory to ER stressinduced apoptosis with the majority of cells displaying normal cellular morphology following 48 h of treatment (Fig. 1C) . Analysis of cell death, via propidium iodide (PI) staining, demonstrated clear PI uptake in Casp9 C/C cells following 24 h of treatment ( Fig. 1D  and E) . However, no PI uptake was determined in casp9 ¡/¡ cells following 24 or 48 h of treatment with ER stress-inducing agents ( Fig. 1D and E) underpinning the importance of mitochondriamediated death processes in ER stress-induced cell death. While casp9 ¡/¡ MEF cells were clearly refractory to ER stress-induced cell death for up to 48 h of treatment, we wanted to examine the response of these cells to sustained stress. Following 72 h of ER stress, casp9 ¡/¡ MEF cells started to display clear morphological signs of cell death (Fig. 1C) . Similarly, following 72 h of Tg or Tm treatment casp9 ¡/¡ cells displayed PI positivity (Fig 1D and E ) demonstrating that while these cells are clearly refractory to ER stress-induced death they are not resistant when subjected to prolonged exposure.
Stress-induced cell death is accompanied by caspase activation in cells lacking a functional mitochondrial death pathway Our data indicates casp9 ¡/¡ MEFs remain susceptible to cell death upon sustained exposure to ER stress. To determine the mode of cell death we examined caspase activation in these cells. Surprisingly, we were able to detect processed CASP3 in the lysates of casp9 ¡/¡ MEF subjected to prolonged ER stress ( Fig. 2A and B) . This observation was not unique to casp9
¡/¡ MEF cells, while clearly refractory to ER stress-induced death compared to Bax C/C Bak1 C/C counterparts ( Fig. 2C) , also displayed increased PI positivity and activation of CASP3 in response to prolonged ER stress (72 h) ( Fig. 2C to E) . The processing of a downstream effector caspase, such as CASP3, requires the presence of an upstream initiator caspase. This assumption was verified using the pan-caspase inhibitor, Boc-D-FMK. Addition of Boc-D-FMK to casp9
¡/¡ cells subjected to sustained ER stress reduced processing of pro-CASP3 confirming a requirement for an upstream initiator caspase (Fig. 2F ). Given that we had previously verified these cells are devoid of CASP9 ( Fig. 2A) we examined the processing of the upstream initiator caspase, pro-CASP8, in casp9 ¡/¡ cells exposed to sustained stress. Exposure to ER stress inducing agents triggered pro-CASP8 processing in cells devoid of a functional mitochondria-mediated pathway ( Fig. 2G and H, Fig. S1B ), suggesting that CASP8 may function as the apical caspase in this novel death pathway.
Knockdown of CASP8 prevents ER stress-induced CASP3 activation and reduces the death of casp9 ¡/¡ cells To confirm that CASP8 is functioning as the apical caspase in our model we knocked down expression of pro-CASP8 in casp9 ¡/¡ MEFs via shRNA (Fig. 3A) . casp9 ¡/¡ MEFs transduced with either the pLKO control vector or Casp8 shRNA were treated with the ER stress inducing agents Tm and Tg for the indicated time points. Whole cell lysates were prepared and assessed by immunoblotting for processing of pro-CASP3. As predicted, CASP8 knockdown resulted in almost complete inhibition of pro-CASP3 processing confirming CASP3 processing occurred in a CASP8-dependent manner ( Fig. 3A and B) . We also determined the effect of Casp8 knockdown on stress-induced cell death in casp9 ¡/¡ cells by analyzing cell death via PI uptake. A significant reduction in cell death was evident in casp9
Casp8 shRNA-transduced cells compared to their pLKO vector transduced counterparts, demonstrating that CASP8 expression is necessary for both effector caspase activation and cell death in casp9 ¡/¡ cells ( Fig. 3C and D) . Moreover, we wanted to determine whether the knockdown of Casp8 would have an effect on the long-term survival of casp9 ¡/¡ MEFs. The ability to form colonies was evaluated in Casp8 shRNA casp9 ¡/¡ MEFs in comparison to pLKO casp9 ¡/¡ MEFs. Casp8 shRNA casp9 ¡/¡ MEFs formed significantly more colonies, compared to their pLKO casp9 ¡/¡ counterparts indicating reduction of pro-CASP8 can enhance long-term survival and recovery after the initial stress (Fig. 3E) . To verify this long-term survival was a result of reduced caspase activity clonogenic assays were also carried out in the presence of caspase inhibitor, Boc-D-FMK. Inclusion of Boc-D-FMK increased clonogenic survival following prolonged exposure to ER stress in pLKO casp9 ¡/¡ MEFs although to a lesser extent than what was observed by specific Casp8 knockdown (Fig. 3E) . This could be due to incomplete caspase inhibition by Boc-D-FMK (Fig. 2F) . Importantly, no further increase in clonogenicity was observed in Casp8 shRNA casp9 ¡/¡ MEFs treated with Boc-D-FMK (Fig. 3E) indicating the increase in long-term survival was specifically a consequence of reduced pro-CASP8 levels. Sustained mitochondrial function is required for longterm cell survival. To determine if knockdown of Casp8 reduced the proportion of cells undergoing ER stress-induced MOMP we quantified cytochrome c release in pLKO and Casp8 shRNA casp9 ¡/¡ MEFs. Following prolonged ER stress Casp8 shRNA casp9 ¡/¡ MEFs exhibited less cytochrome c release compared to their pLKO counterparts (Fig. 3F ).
Death receptor signaling does not contribute to ER stressinduced caspase activation and cell death induction in CASP9-deficient cells
Our data indicate that sustained ER stress triggers pro-CASP8 processing leading to downstream effector caspase activation in casp9 ¡/¡ cells. Classically, pro-CASP8 processing is associated with engagement of the extrinsic death receptor pathway. Ligation of death receptors present on the cell surface trigger DISC formation and enable recruitment and activation of pro-CASP8. To determine if CASP8 activation in casp9 ¡/¡ cells exposed to long-term ER stress was a consequence of death receptor activation we employed a blocking antibody strategy. The functionality of blocking antibodies against TNF and TNFSF10, as well as recombinant mouse FAS:Fc chimera was firstly verified in MEFs treated with their respective ligands ( Fig. S2A and B) . casp9 ¡/¡ MEFs were treated with ER stressinducers in the presence of blocking antibodies after which cell death was assessed by PI uptake and pro-CASP8 processing examined by western blotting. Inclusion of blocking antibodies directed against TNF, FAS, or TNFSF10 failed to block ER stress-induced cell death in casp9 ¡/¡ MEFs ( Fig. 4A and B) nor did it prevent processing of pro-CASP8 (Fig. 4C ) indicating pro-CASP8 processing is occurring via a death receptor independent mechanism.
Stress-induced cell death is associated with an induction of autophagy in both wild-type and CASP9-deficient cells Cellular stress has been associated with the enhancement of autophagy. This dynamic and necessary cellular process is predominantly prosurvival but in certain instances can contribute to and mediate cell death. To determine if stress induction enhanced autophagy, Casp9 C/C and casp9 ¡/¡ MEFs were transfected with a construct expressing GFP-tagged LC3. Following induction of ER stress, we observed a change in GFP-LC3 expression from a diffuse pattern evident throughout the cell, to a punctate staining indicative of autophagosome formation in both Casp9
C/C and casp9 ¡/¡ cells (Fig. 5A) . To confirm the induction of autophagy in these cells, we also examined LC3-I to LC3-II conversion by Western blotting. Although evident in both cell lines, the LC3-I to LC3-II conversion was more pronounced in casp9 ¡/¡ cells ( Fig. 5B and C). Because increased LC3-I to LC3-II conversion can also reflect defective autophagosome degradation, we confirmed the increase in autophagy by examining the autophagic flux by adding the lysosomal inhibitor, chloroquine. Chloroquine in combination with Tm increased LC3-II accumulation to a greater degree than chloroquine alone or Tm alone, confirming that the enhanced LC3-I to LC3-II conversion observed during ER stress is due to an increased rate of autophagy rather than a decrease in autophagosome degradation ( Fig. 5D and E).
ATG5 and ATG7 are required for ER stress-induced caspase activation and cell death induction in CASP9-deficient cells Autophagy has been reported to have prodeath properties, typically observed in conditions where the intrinsic apoptosis pathway is compromised. It is unclear how autophagy executes cell death; however, recent reports have implicated autophagymediated activation of CASP8 as a possible mechanism. 20, 21 Our data indicate that sustained ER stress activates CASP8-mediated apoptosis in casp9 ¡/¡ cells independently of death receptor activation. Furthermore, we show that levels of autophagy are enhanced in the casp9 ¡/¡ cells compared to the Casp9 C/C cells. To assess the role of autophagy on cell death in this context, we knocked down key autophagy genes to inhibit autophagosome biogenesis. To do so, we transduced the casp9 ¡/¡ cells either with an empty vector or with a vector expressing Atg5 shRNA. Knockdown of Atg5 in casp9 ¡/¡ cells inhibited ER stressinduced autophagy as determined by a reduction in LC3-II levels compared to the vector only transduction (Fig. S3) verifying a functional knockdown. Remarkably, we observed that knockdown of ATG5 greatly reduced CASP8 and CASP3 activation upon prolonged treatment with Tg and Tm ( Fig. 6A and B) . Furthermore, knockdown of Atg5 in casp9 ¡/¡ cells also correlated with a reduction in cell death as determined both by morphology and PI uptake (Fig. 6C, E and F) . Furthermore, knockdown of Atg5 in casp9 ¡/¡ cells resulted in significantly more colony formation compared to vector only controls following exposure to sustained ER stress (Fig. 6D) . Importantly, the knockdown of Atg5 in Casp9 C/C cells did not protect but instead sensitized the cells to ER stress-induced death, which is in line with the wellaccepted prosurvival role of autophagy in Casp9 C/C cells undergoing ER stress ( Fig. S4A and B) . These results therefore demonstrate a switch in ATG5-mediated functions in absence of CASP9. To confirm that the protective effect of Atg5 repression in casp9 ¡/¡ cells is not specific to ATG5 and rather reflects general autophagy inhibition, we knocked down expression of another autophagy regulator, Atg7, in casp9 ¡/¡ cells (Fig. S4C) . As with Atg5 knockdown, we again observed reduced LC3-II levels following exposure to ER stress-inducing agents in cells transduced with Atg7 shRNA verifying functionality of the knockdown ( Fig. S3C and D) . As shown in Fig. 6G and H and Fig. S4D and E, Atg7 repression resembled the effects of Atg5 repression in these cells. Together our results demonstrate the crucial role of autophagy in CASP8 activation and cell death induction in cells with a compromised mitochondria-mediated death pathway.
Assessing the role of the adaptor protein FADD in stressinduced pro-CASP8 activation Pro-CASP8 requires an adaptor protein to facilitate its recruitment to an activating platform, enabling its clustering and autoactivation. 22 FADD is a well-known adaptor of pro-CASP8. To determine if FADD was required for the activation of CASP8 in our system we transduced the casp9 ¡/¡ cells with lentivirus carrying Fadd shRNA. We first tested whether the extent of knockdown generated in these cells was sufficient to provide protection to a death trigger known to rely on FADD, a combination of TNF and cycloheximide. Fadd shRNA treated cells were less sensitive than the pLKO transduced cells to the TNF and cycloheximide stimulation, confirming the functionality of the Fadd knockdown (Fig. 7A) . Next, to assess the requirement for FADD www.landesbioscience.comin our model, Fadd shRNA and pLKO transduced casp9 ¡/¡ cells were subjected to prolonged ER stress stimulation. Processing of pro-CASP8 and pro-CASP3 was delayed in the Fadd shRNA casp9 ¡/¡ cells when compared to their empty vector transduced counterparts ( Fig. 7B and C) . Of note, the reduced caspase processing was more pronounced following Tm than Tg treatment ( Fig. 7B and C) . Quantification of cell death also revealed a decrease in PI positivity, particularly at later time points, in the Fadd shRNA casp9 ¡/¡ cells compared to the pLKO transduced casp9 ¡/¡ cells ( Fig. 7D and E) . However it should be noted that while Fadd shRNA casp9 ¡/¡ cells undoubtedly displayed decreased caspase processing and cell death, the Fadd knockdown was incomplete (Fig. 7B and C) . Analysis of FADD expression found that although Fadd shRNA casp9 ¡/¡ cells had lower basal levels of FADD, exposure to ER stress-inducing agents resulted in an increase in FADD expression which may be blunting the effect observed in these cells (Fig. 7B and C) .
Prolonged stress triggers the assembly of a novel pro-CASP8 activating protein complex
Our data indicates that pro-CASP8 is the apical caspase in the apoptotic pathway mediating death of casp9 ¡/¡ cells exposed to prolonged ER stress. Furthermore, our knockdown studies show that CASP8 activation depends on the adaptor protein FADD and the autophagy proteins ATG5 and ATG7, suggesting that these proteins may be involved in formation of a complex www.landesbioscience.comenabling pro-CASP8 recruitment and activation. To address this question we immunoprecipitated ATG5 from casp9 ¡/¡ cells subjected to prolonged ER stress and probed for pro-CASP8 and FADD (Fig. 8A) . We could clearly detect both pro-CASP8 and FADD in ATG5 immunoprecipitates from lysates of casp9 ¡/¡ cells treated with Tm (Fig. 8A) . To validate these interactions, reciprocal immunoprecipitations were carried out using an anti-FADD antibody. Upon immunoprecipitation of FADD in Tm treated casp9
¡/¡ cells we detected both pro-CASP8 and ATG5 (Fig. 8B) . These results indicate the formation of a protein complex, upon sustained ER stress, in casp9 ¡/¡ cells consisting of FADD, ATG5, and pro-CASP8. To determine if formation of this complex was a general characteristic of cells devoid of a functional mitochondrial death pathway we again utilized bax
¡/¡ cells. Similar to casp9 ¡/¡ cells, analysis of lysates from bax ¡/¡ bak1 ¡/¡ cells demonstrated processing of pro-CASP8 upon exposure to ER stress (Fig. S1B) . Immunoprecipitations using anti-FADD antibody revealed the formation of an identical FADD, ATG5, and pro-CASP8 complex in Tm-treated bax (Fig. 8C) .
Discussion
Intracellular stress induces cell death predominantly via activation of the mitochondrial apoptotic pathway, which involves cytochrome c release, apoptosome formation, and effector caspase activation. The importance of this pathway for stress-induced death has been illustrated in many studies utilizing bax
¡/¡ cells, all of which have shown a reduction in death compared to their wild-type counterparts upon exposure to intracellular stress. 11, 18, 19 In this study we confirm the importance of mitochondria-mediated death signals for the efficient transduction of stress-induced death as illustrated by reduced levels of cell death in both casp9 ¡/¡ and bax ¡/¡ bak1 ¡/¡ cells exposed to ER stress-inducing agents. However, while these cells are clearly impaired in their ability to activate stress-induced cell death in the short term, we found that prolonged stress increased PI positivity indicative of cell death. This observation in itself is not unexpected as cells exposed to prolonged stress, even those with compromised mitochondria-mediated death pathways, will undergo death via alternate mechanisms. For example, effector caspase processing has been observed in bax ¡/¡ bak1 ¡/¡ cells and BCL2-overexpressing HeLa cells upon prolonged cellular stress. 19, 21 However, those reports failed to demonstrate the exact mechanism of cell death. Likewise, we detected active CASP3 in casp9 ¡/¡ cells following prolonged exposure to cellular stress. Downstream effector caspases are reliant on upstream initiator caspases to enable their activation. To this end, we observed death-receptor independent processing of pro-CASP8 in stress-induced casp9 ¡/¡ cells which when knocked down, via shRNA, abolished CASP3 activation and decreased cell death.
Knockdown of pro-CASP8 expression while inhibiting cell death also enhanced long-term survival as illustrated by increased colony formation (Fig. 3E) . ER stress-induced death proceeds via the intrinsic pathway and is associated with the onset of MOMP. MOMP is generally considered an "all or nothing" event that represents the point of no return for the cell. While this is true in the majority of instances it may not hold true for cells unable to trigger downstream effector caspases. Tait and colleagues have recently demonstrated that cells in which caspase activation is impaired can undergo an incomplete form of MOMP upon treatment with a death stimulus. 23 Furthermore, incomplete MOMP correlated with cellular recovery in long-term assays. In our study we observed long-term cell survival following sustained ER stress in casp9 ¡/¡ cells (Fig. S1C) . This enhanced long-term survival could be mimicked in wild-type MEF cells subjected to ER stress by the addition of Boc-D-FMK (Fig. S1C) indicating a blockade in caspase activation can exert a long-term survival benefit following ER stress. Examination of mitochondrial membrane potential which is often dissipated as a result of MOMP, by TMRE staining, in Casp9 C/C and casp9 ¡/¡ cells (Fig. S1A ) did not reveal any pronounced differences in the proportion of TMRE positive cells. While loss of mitochondrial membrane potential is frequently used as a surrogate marker it is not a specific marker of MOMP. To specifically examine MOMP we analyzed cytochrome c release in Casp8 shRNA and pLKO casp9 ¡/¡ cells following induction of ER stress. Casp8 shRNA casp9 ¡/¡ cells did not release cytochrome c to the same extent as their pLKO counterparts (Fig. 3F) . While assembly of the pro-CASP8 activation complex occurs independently of mitochondrial events (as we have observed it in bax ¡/¡ bak1 ¡/¡ MEFs) CASP8 mediated activation of pro-CASP3 would allow CASP3 feedback onto the mitochondria leading to further loss of mitochondrial integrity as has been described previously. 24 In both Casp9 C/C and casp9 ¡/¡ cells we observed LC3-I to LC3-II conversion upon induction of ER stress, which is indicative of autophagy induction. Addition of the autophagy inhibitor chloroquine confirmed that the observed increase in LC3-II in Figure 6 See previous page. Inhibition of autophagy reduces caspase activation and cell death in apoptosome-compromised cells exposed to sustained ER stress. casp9 ¡/¡ MEFs stably expressing pGIPZ or Atg5 shRNA were generated and treated for the indicated times with (A) 0. both Casp9 C/C and casp9 ¡/¡ cells was a result of increased autophagic flux as opposed to a defect in autophagosome degradation. Interestingly, the increase in autophagic flux was more pronounced in the casp9 ¡/¡ cells. Induction of autophagy, by itself, is not surprising as it is a prosurvival mechanism enhanced by exposure to cellular stress. However, knockdown of the essential autophagy gene, Atg5, in both Casp9 C/C and casp9 ¡/¡ MEFs revealed a differential role for autophagy depending upon whether the cell had a functional or nonfunctional mitochondriamediated death pathway. In Casp9 C/C cells, inhibition of autophagy accelerated stress-induced cell death. In contrast, Atg5 knockdown in casp9 ¡/¡ cells inhibited both stress-induced caspase activation and cell death. These results highlight 2 points (1) that inhibition of autophagy in wild-type cells enhances cell death possibly by further activating the mitochondrial pathway, but this is blocked in the casp9 ¡/¡ cells and (2) that autophagy becomes toxic in cells defective for the mitochondrial cell death pathway by activating an alternative apoptotic pathway. Our results suggest that 2 differing signaling mechanisms can be activated in cells depending on whether they have functional or nonfunctional mitochondria-mediated death pathway. In cells with a functional mitochondria-mediated pathway autophagy is triggered as an adaptive prosurvival mechanism, which, upon induction of cell death is most likely "turned off" once apoptotic signals have been triggered. Indeed, recent studies have demonstrated caspase mediated cleavage of multiple ATG proteins including ATG3, ATG4, ATG7, and BECN1, which, in certain cases is linked to an enhancement of apoptosis. 17, 20 In cells with a nonfunctional mitochondria-mediated death pathway, autophagy is prolonged and initially provides a degree of protection for the cells. However, our studies indicate that when cells are exposed to sustained high levels of stress the autophagosome may be acting as a platform enabling complex formation facilitating pro-CASP8 activation and cell death. This highlights the importance of autophagy and autophagosome formation in the activation of caspases and cell death in cells with impaired mitochondria-mediated death pathway. While highlighting the obvious importance of autophagy to this process it does not address the mechanism of pro-CASP8 processing.
Initiator caspases, such as pro-CASP8, require formation of a multiprotein complex for recruitment, dimerization, and autocatalytic processing. Classically, pro-CASP8 processing is linked to extrinsic death signals leading to assembly of the DISC. However, recent novel pro-CASP8 activating platforms have been reported. 20 Given the obvious requirement for the autophagosome during stress induced death in casp9
¡/¡ cells we speculated the autophagosome was acting as a platform enabling pro-CASP8 processing. Reports within the literature have previously reported possible interactions between the adapter protein FADD, ATG5, pro-CASP8, and in certain instances RIPK1. 17, 25 We tested the involvement of RIPK1 in the alternative cell death pathway activated in casp9 ¡/¡ cells by cotreating the cells with Necrostatin-1, a RIPK1 inhibitor in combination with ER stress inducers. This combination did not have any significant effect on the viability of cells, allowing us to conclude that RIPK1 kinase activity does not play a significant role in our system (Fig. S5) . We speculated that the differences in cell death inhibition we could observe upon Atg5 and Atg7 knockdown could mean that autophagosome formation is required for pro-CASP8 activation. To test this we immunoprecipitated ATG5 from lysates of Tm treated casp9 ¡/ ¡ cells and probed for pro-CASP8 affinity isolation. Our data indicated that indeed ATG5 and pro-CASP8 interacted in casp9 ¡/¡ cells exposed to prolonged stress. For recruitment to multiprotein complexes pro-CASP8 requires the presence of an adapter protein with the best examples being FADD and TRADD. Knockdown of Tradd did not affect caspase processing or cell viability in casp9 ¡/¡ cells exposed to prolonged stress (data not shown). A direct interaction between ATG5 and FADD facilitated by the death domains of FADD and the middle and C-terminal regions of ATG5 was previously reported. 17 We found that FADD was required for ATG5-mediated cell death and CASP8 activation, but was not necessary for the induction of autophagy indicating FADD acts as an adaptor protein linking a proapoptotic signaling molecule (most likely a caspase) to ATG5. Indeed in coimmunoprecipitation studies, immunoprecipitation of ATG5 clearly pulled down FADD. These data indicate an interaction between FADD, ATG5, and pro-CASP8. Reciprocal immunoprecipitations using FADD antibody confirmed the interaction between FADD, ATG5 and pro-CASP8. Given the importance of FADD to complex formation we reasoned that knockdown of FADD should block pro-CASP8 recruitment and processing. We were able to generate stable Fadd shRNA casp9 ¡/¡ cells, which by immunoblotting displayed a significant reduction in FADD expression and possessed a functional knockdown since TNF cycloheximide-induced death was reduced in these cells. Likewise when we treated Fadd shRNA casp9 ¡/¡ cells with inducers of ER stress we observed a delay in pro-CASP3 and -8 processing and could detect a moderate protection in total cell death. Examination of FADD expression in these cells following treatment with stress inducing agents revealed a significant upregulation in FADD expression positively correlating with the length of treatment, which may explain the absence of a drastic effect on cell death which we would expect to observe in absence of FADD. This observation in itself is interesting as it suggests stress increases FADD levels in cells, which in turn recruits pro-CASP8 and acts as a bridging partner to ATG5.
Our results show that when mitochondrial apoptosis-compromised cells are exposed to prolonged ER stress stimuli, a novel CASP8 activating complex is assembled. We have demonstrated pro-CASP8 functions as the apical caspase in this system and show that its processing is dependent on the induction of autophagy. We propose that the autophagosome membrane acts as a platform for the assembly of this complex and through immunoprecipitation experiments confirm the formation of a multiprotein complex consisting of pro-CASP8, ATG5, and FADD upon treatment of ER stress inducing agents. This complex is analogous to the intracellular death-inducing signaling complex, recently described by Young and colleagues. 20 Our study further demonstrates the existence of such a complex; however, to our knowledge, we are the first group to immunoprecipitate the protein complex containing endogenous ATG5, FADD, and CASP8. Furthermore, we have revealed an alternative mode of ER stress induced cell death executed in conditions where the mitochondrial-mediated apoptotic pathway is compromised. Whether this novel death pathway is specific to ER stress or can be applied to all forms of cellular stress in cells with a compromized intrinsic pathway is unknown. We recently observed pro-CASP3 processing in casp9 ¡/¡ cells upon prolonged exposure to the genotoxic stress etoposide. However, knockdown of pro-CASP8 did not exert a protective effect as is observed with ER stress (Fig. S6) .
Disturbances in the apoptotic machinery are one of the key hallmarks in cancer progression. Studies examining tumors and tumor cell lines have identified increased levels of antiapoptotic BCL2 proteins, providing these cells with an attractive chemo resistance strategy against cytotoxic drugs that utilize the mitochondria to initiate apoptosis. 26 In this study we show that although the intrinsic pathway is compromised, cells can still undergo cell death, albeit at a slower, less efficient rate. By understanding these alternate death mitochondria-independent pathways we may be able to enhance/trigger death in chemoresistant cells to this end.
Our study characterizes a noncanonical role of autophagy that could turn beneficial for the development of combination therapies to treat cancer. We believe that autophagy induction should promote survival of the healthy cells while sensitizing cancer cells to cytotoxic drugs, providing a very attractive therapeutical approach.
Materials and Methods
Cell culture and treatments CASP9 ¡/¡ (casp9 ¡/¡ ) and matched CASP9 C/C (Casp9 C/C ) MEFs were a kind gift from Prof Tak Mak (University of Toronto). bax ¡/¡ bak1 ¡/¡ and matched Bax C/C Bak1 C/C MEFs were a kind gift from Prof Craig Thompson. All MEFs were cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich, D6429) supplemented with 10% fetal bovine serum (SigmaAldrich, F7524), 100 U/ml penicillin and 100 mg/ml streptomycin (Sigma-Aldrich, P0781), L-glutamine (Sigma-Aldrich, G7513), nonessential amino acids (Sigma-Aldrich, M7145) and sodium pyruvate (Sigma-Aldrich, S8636) at 37 C, 5% CO 2 in a humidified incubator. Human embryonic kidney (HEK) 293T cells (ATCC, CRL-11268) and cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin at 37 C, 5% CO 2 in a humidified incubator. To induce ER stress cells were seeded at the required density 24 h prior to treatment, the medium was then removed and replaced with medium containing 0. shRNA knockdown pGIPZ control vector (RHS4349) and mouse Atg5 (RMM4431-99342719) lentiviral shRNA constructs were purchased from Open Biosystems. pLKO lentiviral control and shRNA vectors against mouse Casp8 (TRCN0000012243), Atg7 (TRCN0000092163) and Fadd (TRCN0000012283) were obtained from Sigma-Aldrich. Lentivirus was generated by cotransfecting the above plasmids with 2 nd generation lentivirus packaging system (Addgene, pMD2.G 12259, psPAX2 12260, pRSV-Rev 12253) using JET PEI transfection reagent (Polyplus Transfection, 01-01N) into HEK 293T cells. Virus-containing supernatant was harvested and filtered through 0.22 mm filter. Cells were transduced with this media in presence of 5 mg/ml of polybrene (Merck Millipore, TR-1003-G). Casp8, Fadd and Atg7 shRNA cells were selected for 72 h in 2 mg/ml of puromycin (Sigma-Aldrich, P8833).
Transient transfection
To monitor autophagosome formation, Casp9 C/C and casp9
MEFs were transfected with a vector expressing a GFP-LC3 fusion protein (kindly provided by Dr. T. Yoshimori Osaka, Japan) using Turbofect (Fisher Scientific, 506181). Twenty-four h posttransfection cells were treated with 0.5 mM Tg for 6, 12 and 24 h and fixed using 10% formalin. Cell nucleus was stained using DAPI (Sigma-Aldrich, F6057) and the cells were visualized using fluorescence microscopy at 40X magnification (FV Confocal Microscope Olympus).
RNA extraction and RT-PCR Total RNA was isolated using Trizol (Invitrogen, 15596018) according to the manufacturer's instructions. For cDNA synthesis, 2 mg of RNA was subjected to DNase treatment followed by EDTA inactivation and the RNA reverse transcribed into cDNA using Superscript III first strand RT-PCR system and random hexamers (Invitrogen, 18080-051) according to the manufacturer's instructions. The cDNA product was subjected to 25 cycles of PCR using the forward primer 5 0 -TTCCAAGGT-CAAAGGACAAA-3 0 and the reverse primer 5 0 -ACAGCTT-TAGGACAATCT-3 0 for the detection of murine Atg7. Gapdh was used as an endogenous control using the forward primer 
Propidium iodide staining
Membrane permeability was assessed using propidium iodide staining. Briefly, cells were harvested by trypsinization, membrane integrity was allowed to be restored for 15 min at 37 C. Cells were collected by centrifugation, resuspended in PBS. Cells were stained with 0.6 mg/ml of PI and analyzed using FACs Calibur flow cytometer (Becton Dickinson).
Measurement of mitochondrial transmembrane potential by tetramethylrhodamine ethyl ester (TMRE) staining
Mitochondrial transmembrane potential was measured by using the fluorescent probe TMRE (Molecular Probes, T669) as previously described. 27 Briefly, cells were trypsinized and incubated with TMRE at room temperature for 30 min in the dark and analyzed by flow cytometry using a FACs Calibur flow cytometer (Becton Dickinson).
Cytochrome c release Mitochondrial CYCS release was quantitatively determined as previously described. 28 Briefly, cells were harvested following treatment, permeabilized (50 mg/ml digitonin Clonogenic survival Cells were seeded in a 6-well plate at a density of 1£10 4 or 2£10 4 cells per well 1 d prior to the treatment. After the treatment with 0.5 mg/mL of Tm for 72 h media was removed from the plates. Colonies were grown in plates for 10 d with a change of media every 3 d. After 10 d media was removed from the plates, colonies washed with 1xPBS and stained with 0.2% crystal violet in 20% methanol for 10 min. After staining plates were washed 3 times with 1xPBS, dried and images were taken. For clonogenic assays that included cotreatment with Boc-D-FMK the inhibitor was added at the concentration of 20 mM at the time of the treatment. After the removal of the treatment Boc-D-FMK was replenished daily at the same concentration for the duration of the first 3 d.
Analysis of DEVDase activity
Cells were harvested, pelleted by centrifugation at 350 g, washed and resuspended in 50 ml of PBS. Twenty-five ml was transferred to duplicate wells of a microtiter plate and snapfrozen in liquid nitrogen. To initiate the reaction, 50 mM of the caspase substrate Ac-Asp-Glu-VaL-Asp-a-(4-methyl-coumaryl-7-amide) (Peptide Institute Inc., 3171-v) in assay buffer (100 mM HEPES, pH 7. , 11836170001) . Next, 3.5 ml of the antibody (FADD; Santa Cruz Biotechnology, sc-6036; or ATG5; Cell Signaling Technology, 8540) was added to the lysates and rotated o/ n at 4 C. The next day 60 ml of 50% slurry, containing protein A beads (GE Healthcare, 17-0780-01) in lysis buffer, was added to the cell lysates and incubated for an additional 3 h at 4
C. Following the incubation, the beads were washed to remove any nonspecific binding of proteins. The beads were then centrifuged to form a pellet which was resuspended in 60 ml of 2x lysis buffer (4% SDS, 120 mM Tris HCl, 10% glycerol, 100 mM DTT and bromophenol blue). The sample was boiled at 95 C for 5 min and subjected to SDS electrophoresis and western blotting.
Statistical analysis
Experiments were repeated independently at least 3 times. Error bars represent standard deviation (SD) of biological replicates. Significance was determined using a 2-tailed Student t test, with P value < 0.05 being considered significant and annotated by *.
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